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Abstract. In recent years the evolution of digital circuits has been intensively
studied. This paper proposes an elitist pool evolutionary algorithm based on
novel approach in order to improve evolutionary design of logic circuits in effi-
ciency and capability of optimization. In the process of evolution, a novel
sub-circuit crossover strategy can improve the local optimization by inheriting
the better parts of two parental circuits, and an adaptive mutation strategy based
on importance of gene-position can maintain the diversity of a population. Ex-
periments show that the proposed method is able to design logic circuits
efficiently.
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1 Introduction

In 1990s, Hugo de Gairs advanced a new hardware design method, evolvable hardware
(EHW), based on the method of evolutionary computation (EC) and the reconfigurable
characteristics of FPGA. By simulating the evolution process in nature, EHW is used to
design physical circuits, especially electronic circuits. As a new multi-discipline re-
search field involved in computer science, electronic engineering and biology, EHW
provides a feasible method for automation design and improving intelligence of
hardware systems, such as adaptive filter, intelligent controller, intelligent antenna
systems, etc [1-3].

Currently, the research of EHW is mainly on the auto-design of electronic and analog
circuits. And a great number of algorithms for EHW have been proposed with en-
couraging results. For instance, Koza designed a single uniform approach using genetic
programming for the automatic synthesis of both the topology and sizing of different
prototypical analog circuits, including a lowpass filter, a source identification circuit,
an amplifier, etc [4]. Emanuele Stomeo et al. proposed generalized disjunction de-
composition (GDD) [5] based on rewriting the truth table in such a way that the inputs
needed to describe the system were decomposed in a lower-level circuit and a multi-
plexer. It is beneficial for solving more complex logic circuits, not obtaining optimized
logic circuits. Meanwhile, other intelligent approaches such as multi-objective
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approaches [6-7], variable length chromosome GA [8], and incremental development
evolution [9-10], were also proposed for automated design of logic circuit.

In this paper, we investigated a novel elitist pool evolutionary algorithm (EPEA) for
designing logic circuits. It employs evolutionary strategies to quicken the local opti-
mization and maintain the diversity of a population in terms of the characteristics of
logic circuits. In section 2, we briefly describe the encoding method of logic circuits.
Section 3 presents a novel elitist pool evolutionary algorithm, including a novel evo-
lutionary operator, an adaptive mutation strategy and an evaluation strategy. Section 4
gives some examples to analyze the performance of the proposed approach. Finally, we
discuss conclusive remarks in Section 5.

2 Representation of Individual

We use a matrix structure to represent digital circuits as shown in Fig. 1. The inputs of
each cell are the original inputs or other cells’ outputs, and the outputs of last column
are the circuit’s outputs. In order to represent combinational logic circuits fully, defi-
nitions of the function types of cells and the connectivity among cells are required for
the matrix. In this matrix, each cell represents a logic gate, and some function types of
gates are shown in Table 1. For the connectivity, we define that only previous cells
connect to next cells to avoid a circle. The outputs of the cells of the last column in the
matrix are the outputs of the encoded circuit respectively and the remaining cells of the
last column are redundant.

Input Construction of circuit Output
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Fig. 1. The matrix encoding representation for digital circuits
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Table 1. Function types of basal logic gates

Function type Function type
0 A¥* 3 A+B
1 1A 4 A® B
2 A®B 5 A®lC+BeC

* This function type means the first input of a cell is directly connected to its output, without employing any

logic operators.

3 Elitist Pool Evolutionary Algorithm

In general, local search optimization and the population diversity are two basic prin-
ciples in evolutionary algorithm. Based on the principles and characteristics of logic
circuits, an elitist pool evolutionary algorithm with a new crossover operator and an
adaptive mutation strategy is introduced as follows.

3.1 Sub-circuit Crossover Operator

The evolution design of logic circuits is a multi-objective optimization problem when
every output of the circuit is considered as an objective which is a sub-circuit con-
taining some cells and their connections. Therefore, the structure of a circuit can be
formed by the fusion of all sub-circuits of outputs. Based on the local optimization, a
sub-circuit of a new individual can be selected from the better parental sub-circuits
corresponding to the same objective in the process of the crossover. In order to obtain
correct circuits with the minimized number of logic gates, sharing cells must be
widely used while all sub-circuits are fused into a whole circuit. Therefore, some
cells of these selected parental sub-circuits should be implemented by some replacing
approaches to form a new integrated circuit instead of the collection of all
sub-circuits.

In this paper, the replacing method is designed in terms of outputs location. For
example, the fitness value of each output of two parents with 3 inputs and 2 outputs is
7/8, 4/8 and 5/8, 6/8 respectively shown in Fig. 2. Each cell is labeled to which
sub-circuit it belongs. For instance, symbol “1” or “2” respectively denotes that it
belongs to the first or the second sub-circuit, and symbol “-1” denotes this cell does
not belong to any sub-circuits but a redundant cell. A cell noted “1,2” means this
cell is a shared logic gate of both the first and the second sub-circuit. The sub-circuit
of the first output is firstly selected from the better corresponding sub-circuit
of parent I, and the sub-circuit of the second output is selected from parent II.
At the same time, some cells of the first sub-circuit should be replaced when
these cells are conflicted with the second sub-circuit in the same positions of this
matrix.
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Fig. 2. The process of sub-circuit crossover from parents: (A) and (B) are the parents; (C) the first
sub-circuit of a new individual from parent 1, which is better than parent 2; (D) an new integrated
individual is produced after the fusion of the three sub-circuits from parents.

3.2 Adaptive Mutation Strategy

According to the importance of gene-position in the chromosome, the important genes
are mutated with a lower rate to enhance the convergence of the algorithm, and the less
important genes are mutated with a high rate to maintain the diversity of population. In
terms of the encoding scheme used here, each cell of the rectangular array corresponds
to a section of genes, and its sharing degree determines its importance. The higher the
sharing degree is, the lower the rate is. At the same time, considering the function of
each circuit, the mutation rate of a cell will be increased if its corresponding function of
a sub-circuit including this cell does not completely match the truth table; otherwise, it
will be decreased.

This is essential for the evolution of circuits. It has a bigger chance for the better part of
the circuit to be reserved while the worse part may be possible to be changed drastically.

3.3 Framework of Elitist Pool Evolutionary Algorithm

The main process of elitist pool evolutionary algorithm is as follow:

Stepl: Initialize a host population A and its scale is N. And evaluate each individual of
this population.
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Step2: Create M individuals to obtain an elitist pool B by mutating the best individual
in the host population A, where N>>M.

Step3: The sub-circuit crossover operator is performed to create a new individual,
where a parent is randomly selected from the elitist pool and another is selected from
the host population respectively. Then mutate this new individual. Repeating this step
N times until obtaining a new host population A.

Step4: Evaluate the new host population and reserve the best individual.

Step5: Go to step2 to continue this algorithm until the ending condition is satisfied;
otherwise, end this algorithm.

3.4 Evaluation

In the process of circuit evolution, evaluation criterion is an important part, which
reflects the performance of an evolved circuit and guides the next evolution. Firstly, it
is vital for evolved circuits to have correct functions or behaviors. For the function of
digital circuit, the evaluation model is realized by using testing data set. Secondly, a
functionally correct circuit with fewer logic gates is usually preferable, which occupies
fewer areas. And it is also natural to measure a circuit’s efficiency of resource usage by
the number of gates it uses.

According to the proposed ideas, in this paper the fitness function F(x;) evaluating an
encoded circuit x; is defined as follows:

Fi(x;) =H(x;) + w*V(x;)

Here, H(x;) is defined as the matching degree by comparing the function of all output
with the truth table; V(x;) is the number of cells whose function type are wires in the
circuit x; and the redundant cells in the matrix; w is a weight coefficient, which changes
in the different phases.

4 Experiment

Three case studies including 2-bit adder, 2-bit multiplier and 2-bit comparator are
carried out using EPEA and its parameters are as follow: the population size N=100,
maximum of number of generations T=20000; the mutation rate is initialized as 0.08
and the crossover rate is 0.8. Here we use gate-level and function-level evolution to
design these arithmetic circuits. In order to simplify the function type, in this paper the
function types of basic gates are shown in Table 1, and the function blocks include
these basic gates and 2-multiplexers.

For the 2-bit adder, by function-level method, EPEA could obtain an optimized
2-bit adder circuit at 100 percent by evolving about 2800 generations when the size of
the encoding matrix is 3x3, and its circuit is shown in Fig. 3. However, it could not get
a correct circuit with the same size of the encoding matrix by gate-level method. When
the size of the encoding matrix increases to 4x4, EPEA could get an optimized 2-bit
adder circuit as follow in Fig.4.



A Novel Crossover Operator in Evolutionary Algorithm for Logic Circuit Design 115

AI

Ay

B, (e

B, b
C]
C

Fig. 3. Circuit design of 2-bit adder with function-level approach
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Fig. 4. Circuit design of 2-bit adder with gate-level approach

For the 2-bit multiplier, the size of the encoding matrix is 4x4, EPEA could get the
same optimized 2-bit multiplier circuit with 7 gates by gate-level and function-level
approaches and one of these optimized circuits is shown in Fig.5.
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Fig. 5. Circuit design of 2-bit multiplier

For the 2-bit comparator, the size of the encoding matrix is 5x5. By function-level
method, EPEA could obtain an optimized 2-bit comparator circuit with 7 gates as shown

in Fig. 6 while an optimized 2-bit comparator circuit with 9 gates by gate-level evolu-
tion is shown in Fig.7.
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Fig. 6. Circuit design of 2-bit comparator with function-level approach
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Fig. 7. Circuit design of 2-bit comparator with gate-level approach

On the other hand, the best solutions obtained by NGA [11], MGA [12], KM [13],
QM [14-15] and EPEA for the forementioned circuits are also compared in Table 2
(The symbol “Size” represents the size of the matrix, and “Num” denotes the number of
gates in the optimized circuit). From these results we see that EPEA can similar opti-
mized circuits by representing them with smaller size of the matrix, which is adaptive
for designing evolvable hardware.

Table 2. Comparison of the best solutions for combinational logic circuits

Method  2x2 multiplier ~ 2-bit comparator ~ 2-bit adder

Size Num Size Num Size  Num
KM — 8 — 19 — 12
oM — 12 — 13 — —
NGA 5x5 9 6x7 12 5x5 7
MGA 5%5 7 6x7 9 5x5 7
EPEA 4x4 7 5x5 9 4x4 7

5 Conclusion

In this paper, a novel elitist pool evolutionary algorithm is advanced to design logic
circuits automatically and efficiently according to the characteristics of logic circuits.
Experiments on auto-design of some combinational logic circuits show the proposed
evolutionary strategies can be extraordinarily encouraging in efficiency and capability
of optimization, and some of evolved circuits can be used as basic macro-blocks to
design larger logic circuits automatically.
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